Members of the protein kinase D (PKD) family of serine/ threonine kinases are known to exert diverse roles in neuronal stress responses. Here, we show the transient activation and nuclear translocation of endogenous PKD upon oxidative stress induced by H 2 O 2 treatment in primary neuronal cultures. Using pharmacological inhibition, we show that PKD activity protects neurons from oxidative stress-induced cell death. Although members of the canonical nuclear factor kappa-light-chain-enhancer of activated B cells (NF kappaB) pathway were phosphorylated upon H 2 O 2 treatment, it was found that the neuronal response to oxidative stress is not executed through the nuclear translocation and activity of RelA. On the other hand, we demonstrate for the first time in neuronal cells, the association of green fluorescent proteintagged kinase inactive PKD1 with mitochondrial membranes in vivo and the presence of PKD activity in the close vicinity of mitochondria in vitro. Our findings thus support the notion that the neuroprotective role of PKD is exerted independently from NF kappaB signaling and suggest a potential mitochondrial function for PKD in cultured neurons. Keywords: neuron, neuroprotection, NF kappaB, oxidative stress, protein kinase D. J. Neurochem. (2017) 142, 948-961.
In neurons, oxidative stress caused by reactive oxygen species (ROS) is a factor heavily implied in age-related cognitive decline and the pathophysiology of neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease (reviewed in M€ uller et al. 2010; Blesa et al. 2015) . Furthermore, ROS are the primary contributors to cell death induced during and after ischemic stroke. ROS can exert neurotoxic effects in both a direct and indirect manner. Directly, ROS can cause damage to various cellular components, resulting in protein oxidation, DNA oxidation, and, importantly, lipid peroxidation. The latter leads to membrane destabilization, a process highly debilitating neurons possessing extensive membrane surfaces and a large number of mitochondria. Indirectly, ROS can induce cell death by activating pro-apoptotic proteins and -through inducing mitochondrial dysfunction -by the generation of more ROS, which can overwhelm the natural defense mechanisms of the cell (reviewed in Moskowitz et al. 2010; Chen et al. 2011; Manzanero et al. 2013) .
Members of the protein kinase D (PKD) family of serine/ threonine kinases play a role in a wide range of processes in a cell type-dependent fashion. In mammals, the family includes three isoforms (PKD1-3), among which PKD1 has been studied most extensively (reviewed in Wang 2006; Fu and Rubin 2011) . In non-neuronal cells, PKD1 has been reported to play a protective role in oxidative stress induced by H 2 O 2 treatment through the activation of the nuclear factor kappalight-chain-enhancer of activated B cells (NFjB) and p38 MAPK signaling pathways (Storz and Toker 2003; Song et al. 2009 ). PKD1 was shown to regulate the threshold for outer mitochondrial membrane depolarization and thus, to have the ability to control the generation of excessive ROS (Zhang et al. 2015) . Additionally, PKD1 was found to mediate ROS-induced autophagy through phosphorylating the lipid kinase Vps34 (Eisenberg-Lerner and Kimchi 2012) .
PKD isoforms are present in the CNS from embryonic development onward (Oster et al. 2006) and have been shown to play a role in a wide variety of processes, including the regulation of plasma membrane-directed transport and Golgi complex function (Bisbal et al. 2008; Yin et al. 2008; Cz€ ond€ or et al. 2009; Quassolo et al. 2015) , the modulation of receptor signaling Wang et al. 2014) , and the regulation of neuronal actin dynamics within dendritic spines (Bencsik et al. 2015) . So far, PKD1 has been shown to be activated in primary dopaminergic neurons in response to oxidative stress and to mediate an anti-apoptotic effect in immortalized mesencephalic cells (Asaithambi et al. 2011 (Asaithambi et al. , 2014 . Additionally, PKD1-dependent phosphorylation of heat-shock protein 27 (HSP27) was shown to mediate neuronal survival under ischemic conditions (Stetler et al. 2012) .
Here, we demonstrate for the first time the neuroprotective role of endogenous PKD in response to H 2 O 2 -mediated oxidative stress in primary cortical neuronal cultures. We further show that PKD's neuroprotective functions are not conveyed through NFjB signaling in primary cortical neurons, and that this signaling pathway does not appear to play a significant role in the neuronal response to oxidative stress.
Materials and methods
Animal handling CD1 wild-type mice were purchased from Charles River Laboratories (Wilmington MA, USA; organism: RRID:IMSR_CRL:22). CaMKIIa-rtTA2 transgenic mice were a kind gift from Isabelle Mansuy, University of Z€ urich and ETH Z€ urich, Switzerland (described in Michalon et al. 2005) , and kdPKD1-EGFP transgenic mice were generated as described in Cz€ ond€ or et al. Ellwanger et al. 2011 . Mice were housed at 22 AE 1°C, with 12 h light/dark cycles and ad libitum access to food and water. All experiments complied with local guidelines and regulations for the use of experimental animals (PEI/001/1108-4/2013 and PEI/001/ 1109-4/2013), in agreement with EU and local legislation. Doxycycline (Fagron, Rotterdam, Belgium) used for the induction of kdPKD1-EGFP expression in transgenic brain tissue was administered in wet food at a dose of 6 mg/g of body weight for up to 6 weeks before killing the animals.
Cell cultures and treatments
Primary cultures of embryonic cortical or hippocampal neurons were prepared from pregnant CD1 mice on embryonic days 14-15 or 17-18, according to T arnok et al. 2008 and Cz€ ond€ or et al. 2009, respectively . Cortical neurons were seeded onto poly-L-lysinecoated culture plates at an average density of 1.1 9 10 5 cells/cm 2 (for western blot and qRT-PCR) or 2.5 9 10 5 cells/cm 2 (for cell viability assay and NFjB reporter assay). For microscopy, 1.5 9 10 5 hippocampal or cortical neurons were seeded onto poly-L-lysine -laminin (Sigma, Budapest, Hungary)-coated glass coverslips in 24-well plates or onto a confluent pre-seeded astroglial layer, respectively. Neurons were cultured in Neurobasal medium (Life Technologies, Budapest, Hungary), supplemented with B27 (Life Technologies, Budapest, Hungary), 0.5 mM glutamax (Invitrogen), 40 lg/mL gentamycin (Hungaropharma, Budapest, Hungary), and 2.5 lg/mL amphotericin B (Sigma). Five percent FCS (Life Technologies, Budapest, Hungary) was included in the culture medium until DIV1 (pure neuronal cultures) or DIV4 (mixed neuronal-glial cultures). Complete and partial medium changes were performed on DIV1 and DIV4, respectively. Pure neuronal cultures were treated with cytosin-arabinofuranoside (10 lM; Sigma) 24 h after plating.
Neurons were transfected using Lipofectamine 2000 (Life Technologies, Budapest, Hungary) according to the manufacturer's instructions, with Where indicated, cultures were treated with phorbol 12,13-dibutyrate (PDBu, 1 lM, 15 min; Sigma) or with the indicated concentration of the PKD-specific inhibitor kbNB 142-70 (Tocris Bristol, UK) or H 2 O 2 for the indicated duration of time. kbNB 142-70 was always added to cultures 2 h before the addition of H 2 O 2 .
Cell viability assay Viability of neuronal (DIV8) or astroglial cultures was measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, as described by T arnok et al. 2008. Data originate from at least four independent cultures.
Relative increase in H 2 O 2 -evoked toxicity was calculated to highlight how the presence of kbNB 142-70 influences H 2 O 2 -evoked cell decay in neurons in the following way: first, cell viability values were determined in control or sister cultures treated with 50 lM H 2 O 2 and/or 1, 2, or 4 lM kbNB 142-70. At every kbNB 142-70 concentration applied, differences in cell viability were calculated between control and H 2 O 2 -treated wells, and these values were normalized to the difference in cell viability values induced by H 2 O 2 treatment in kbNB 142-70 non-treated wells.
Western blot
Whole cell extracts from DIV8-9 cortical neuronal cultures were obtained by harvesting in lysis buffer as described in Cz€ ond€ or et al.
2009. Cytoplasmic and nuclear protein fractions of DIV8-9 cortical neuronal lysates were obtained using the R.E.A.P. procedure (Suzuki et al. 2010) . Equal amounts of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane (Merck Millipore, Billerica, MA, USA). After blocking with 0.5% blocking reagent (Roche Diagnostics, Basel, Switzerland) in Tris-buffered salineÀ0.05% Tween 20, membranes were probed with specific antibodies: anti-PKD (PKCl antibody C-20, rabbit, 1 : 2000; Santa Cruz Biotechnology, Santa Cruz, CA, USA; RRID:AB_2172392), anti-IIIb-tubulin (mouse; 1 : 5000; Exbio Prague, Czech Republic; RRID:AB_10733774), anti-GAPDH (rabbit, 1 : 6000; Sigma; RRID:AB_796208), and anti-PKD1-p-S916 (rabbit, 1 : 2000; RRID:AB_330841); anti-p-IKK a/b (S176/180; rabbit; 1 : 1000; RRID:AB_2079382), anti-IKKa (rabbit; 1 : 1000; RRID: AB_10694848), anti-p-IjBa (S32; rabbit; 1 : 1000; RRID: AB_561111), anti-IjBa (mouse; 1 : 1000; RRID:AB_390781), anti-p-NFjB p65/RelA (S536; rabbit; 1 : 1000; RRID: AB_331284), anti-NFjB p65/RelA (mouse; 1 : 1000; AB_10828935), anti-p-NFjB p105 (rabbit; 1 : 1000; RRID: AB_2282911), anti-NFjB p105/p50 (rabbit; 1 : 1000; #13586), anti-laminA/C (mouse; 1 : 2000; RRID:AB_10545756), all from Cell Signaling Technology, Danvers, MA, USA. Signals were visualized with horseradish peroxidase-coupled secondary antibodies (1 : 20 000; Jackson Immuno-Research, West Grove, PA, USA; RRID:AB_2313567 or RRID:AB_10015289) using the Luminata Crescendo or Luminata Forte enhanced chemiluminescence substrates (Merck Millipore). Membranes were stripped in 62.5 mM Tris, pH 6.8, 2% sodium dodecyl sulfate and 14.3 mM bmercaptoethanol for 30 min at 50°C or using ReBlot Plus (Merck Millipore) at RT and reprobed with the indicated antibodies.
Intensity values were calculated using Image Studio Lite software (LI-COR, Lincoln, NE, USA; RRID:SCR_013715) and were normalized to the corresponding control values.
Immunostaining and quantitative microscopy in fixed cultures Cultures were fixed on DIV8 with 4% paraformaldehyde (TAAB, Reading, UK), permeabilized with 0,1% Triton-x-100 in phosphate-buffered saline, blocked in 2% bovine serum albumin in phosphate-buffered saline and immunostained with the anti-p-S294 (rabbit, 1 : 500; generated as described in Hausser et al. 2005) or anti-NFjB p65/RelA (rabbit, 1 : 400; Cell Signaling Technology; RRID:AB_10859369) antibodies overnight at 4°C. Anti-rabbit Alexa Fluor-546 (Invitrogen; RRID:AB_143156) was applied in a 1 : 500 dilution for 1 h at 21°C. To stain mitochondria, 100 nM Mitotracker Orange (Thermo Scientific, Waltham, MA, USA) was applied at 37°C for 25 min before fixing. Coverslips were mounted with Mowiol 4.88 (Polysciences, Hamburg, Germany) or Prolong Diamond (Thermo Scientific). Images were taken in sequential scanning acquisition mode with a FluoView 500 LSM IX81 (Olympus, Hamburg, Germany), a Zeiss LSM 710 (Zeiss, Jena, Germany) or a Leica (Wetzlar, Germany) TCS SP8 microscope equipped with an Olympus Plan Apochromat 63 9 /1.4, a Zeiss Plan Apochromat 639/1.4 or a Leica HC PL APO CS2 1009/1.4 oil immersion objective, respectively. Images from sister cultures for the same experiment were recorded with identical microscope settings and analyzed in the same way.
In ratiometric analyses, a-p-S294/EGFP ratios were calculated from the average intensity values of the a-p-S294 and the EGFP signals measured in the focal plane of the nucleus and within the manually drawn region of neuronal soma, obtained after subtracting background fluorescent intensity. Average anti-NFjB p65 intensity values within the nucleus and the cytoplasm were determined in the equatorial plane of z-sections within manually determined nuclear and cytoplasmic areas of investigated cells. Intensities and ratio images were calculated using the FIJI software (Schindelin et al. 2012; RRID:SCR_002285) .
To calculate FRET efficiency, PKDrepFRET S or PKDrepFRET S/A transfected hippocampal neurons were analyzed by acceptor photobleaching technique with a Zeiss LSM 710 system (Broussard et al. 2013) . Images from CFP (ex.: 405 nm, em.: 459-505 nm) and cpVenus (ex.: 514 nm, em.: 519-621 nm) were taken separately from the equatorial plane of cell soma at 2% of laser intensity before and after photobleaching. cpVenus was photobleached in the soma using a 514-nm laser for 10 iterations. FRET efficiency (E) was calculated from the changes observed in the donor fluorescence:
Light and electron microscopy in brain sections Experiments were carried out in 5-6-month-old control (expressing only the CaMKIIa-rtTA2 transgene) and kdPKD1-EGFP-expressing animals, which were fed with DOX for 6 weeks. For light microscopy, 30 lm coronal sections were prepared as described by Cz€ ond€ or et al. 2009. Mosaic pictures were taken with a Plan Apochromat 209/0.8 objective of a Zeiss HS CellObserver microscope equipped with the Apotome system, using DAPI and GFP filters and under identical conditions for the control and kdPKD1-EGFP-expressing sections.
Aldehyde-fixed brain sections from perfused animals were processed by standard immunoperoxidase electron microscopy protocol (for details, see Racz and Weinberg 2006) using a polyclonal rabbit anti-GFP antibody (1 : 1000; Life Technologies). Epoxy-resin embedded ultrathin sections were examined under a JEOL T1011 electron microscope at 80 KV; images were collected with a MegaView (Soft Imaging System, Olympus, Hamburg, Germany) CCD camera. Electron micrographs were taken from the CA1 region of the hippocampus.
Luciferase reporter assay
Cortical neurons (DIV9) were co-transfected with 0.8-0.8 lg of an NFjB reporter construct (described in Mitchell and Sugden 1995; a kind gift from Marius Ueffing (Institute for Ophthalmic Research, Centre for Ophthalmology, University of T€ ubingen); Addgene plasmid #26699) and pRL-TK-Luc for constitutively produced Renilla luciferase (Promega, Madison, WI, USA; AF025846 at GenBank). The expression of Firefly luciferase is driven by the activation of the NFjB pathway, while constitutively expressed Renilla luciferase is used as internal control. Twenty-four hours after transfection, cells were treated with 100 lM H 2 O 2 or 20 ng/mL mouse tumor necrosis factor alfa (TNFa) (Thermo Fisher Scientific, Waltham, MA, USA) for 6 h and lysed with Passive Lysis Buffer (Promega). Samples were first subjected to Firefly luciferase substrate [470 lM D-luciferin (PJK, Kleinbittersdorf, Germany), 530 lM ATP (PJK), 270 lM Coenzyme A (PJK), 33.3 mM dithiothreitol (Carl Roth, Karlsruhe, Germany), 20 mM Tricine (Sigma), 0.1 mM EDTA, and 2.67 mM MgSO 4 9 7H 2 O], followed by Renilla luciferase substrate [1.18 lM Coelenterazin (PJK), 2.2 mM Na 2 EDTA, 0.22 mM KH 2 PO 4 , 0.44 mg/mL bovine serum albumin, 1.1 M NaCl, 1.5 mM NaN 3 ]. Luminescence was measured using either a Fluoroskan Ascent FL (Thermo Scientific) or a Tecan Infinite 200 (Tecan Group Ltd., M€ annedorf, Switzerland) plate reader and Firefly/Renilla luminescence ratios were calculated.
Quantitative real-time RT-PCR DIV8 cortical neuronal cultures were lysed and RNA samples were obtained using Quick-RNA MiniPrep (ZYMO Research, Irvine, CA, USA). Reverse transcription was performed with the AffinityScript Multiple Temperature cDNA Synthesis Kit (Agilent, Santa Clara, CA, USA) and quality was assessed using the 2100 Bioanalyzer (Agilent). Messenger RNA expression was investigated using the my-Budget 5xEvaGreen QPCR Mix II (Bio&Sell, Feucht, Germany) and the pre-made primer sets in the Mouse NFjB signaling 96 StellARray, LP-96 (Lonza). The QPCR run was performed using a CFX96 (C1000 Touch) from Bio-Rad Laboratories, Hercules, CA, USA with the following settings: 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 15 min, 40 cycles at 95°C for 15 s followed by 60°C for 20 s and 72°C for 20 s. Cq and RFU values were obtained from Bio-Rad CFX Manager software.
Statistical analyses
For statistical evaluation of pairs of data sets, Student's t-test (in case of normal distribution of data) or non-parametric MannWhitney tests (in case of non-normal distribution of data) were used. Statistics were calculated using SPSS Statistics (IBM; RRID: SCR_002865). A p-value equal to or smaller than 0.05 was considered statistically significant. Number of independent experiments (n) is indicated in the figure legends.
Results
Endogenous PKD is activated in response to oxidative stress Primary cortical neuronal cultures can differ in their cellular composition comprising either pure neuronal cultures or mixed cultures containing neurons and astroglial cells because of different culturing protocols. Because neurons and astrocytes can produce diverse metabolic responses to oxidative stress, we first aimed to compare the effect of H 2 O 2 treatment on the survival of these different neuronal cell cultures (Silva et al. 2006) .
Upon the induction of oxidative stress-mediated cell decay in mixed cultures containing neurons and astroglial cells, 24-h-long H 2 O 2 treatment evoked only a slight decrease in cell viability. However, when pure neuronal cultures were subjected to similar H 2 O 2 concentrations, a significant and dose-dependent decrease in cell survival was observed (Fig. 1a) . These findings can be explained by the presence of astroglial cells, as pure astroglial cultures were highly resistant to H 2 O 2 -induced oxidative stress (Fig. 1b) . Therefore, we used pure neuronal cultures for the studies where single-cell analysis of neurons was not possible.
In dopaminergic cells, PKD1 is activated in response to oxidative stress (Asaithambi et al. 2011 (Asaithambi et al. , 2014 . We examined whether endogenous PKD isoforms are activated upon oxidative stress-inducing H 2 O 2 treatment in cultivated cortical neurons. Since the antibodies and the PKD-specific inhibitor used in this study are not suitable for the differentiation between the three PKD isoforms, we refer to endogenous PKD in general in our results. First, we evaluated the phosphorylation level of PKD's S916, which is widely used as an indicator of PKD activity (p-S916; Matthews et al. 1999) . In whole cell lysates of pure neuronal cultures, we found that PKD undergoes transient phosphorylation at the S916 site, peaking at 1 h and diminishing by 6 h after the addition of H 2 O 2 to the culture medium ( Fig. 2a  and b) .
To investigate the activation of PKD on a single-cell level, neurons were transfected with an EGFP-tagged PKD activity reporter (PKDrep, see Cz€ ond€ or et al. 2009 and Bencsik et al. 2015) containing the known PKD-dependent phosphorylation site of PI4KIIIb (S294), which can be recognized in a phosphorylation-dependent manner by an antibody specific to the phosphorylated S294 site (anti-p-S294; Fig. 2c-e) . Additionally, we used a modified FRET reporter of PKD activity, which is distributed predominantly in the cytoplasm (PKDrep-FRET, modified from Eisler et al. 2012 ; Fig. 2f  and g ). To prove the specificity of the signals, nonphosphorylatable constructs with an alanine mutation at S294 (S/A) were utilized. Phorbol ester (PDBu) treatment was used as a positive control for PKD activation.
Elevated p-S294/EGFP ratio or calculated FRET efficiency similarly indicated a significant increase in endogenous PKD activity within the cell soma by 30 min of H 2 O 2 treatment, comparable to that induced by treatment with PDBu ( Fig. 2e  and g ). Reporter phosphorylation diminished by 4 h after the onset of H 2 O 2 treatment (Fig. 2e) . As expected, cells transfected with the S/A reporter constructs showed significantly reduced signals in case of H 2 O 2 and PDBu treatment compared to the normal reporters, proving the specificity of the construct (Fig. 2e and g ).
Taken together, our results provide sufficient evidence for the activation of endogenous PKD in cortical neurons upon oxidative stress.
Oxidative stress induces nuclear translocation and activation of PKD Notably, increased PKD activation was also evident within the nucleus of the transfected neurons (Fig. 2d) , which might be a consequence of an induced increase in cytoplasmicnuclear shuttling (Wang 2006) . In order to test this assumption, protein lysates from pure neuronal cultures, treated with H 2 O 2 for different periods of time, were separated into cytoplasmic and nuclear fractions. Total as well as relative p-S916 specific PKD signals were compared between control and H 2 O 2 -treated samples (Fig. 3) .
Analysis of cytoplasmic samples revealed that total PKD level remained constant during the course of H 2 O 2 treatment ( Fig. 3a and b) . In case of S916-phosphorylated PKD, however, a transient increase was detected in the cytoplasm, diminishing to control levels by 6 h of H 2 O 2 treatment (Fig. 3c) . This pattern was similar to that observed in nonfractionated cell lysates (see Fig. 2b ).
In nuclear fractions, we observed a transient increase in the total amount of PKD 1 h after the onset of H 2 O 2 treatment ( Fig. 3d and e) , indicating nuclear translocation. By 6 h of continuous H 2 O 2 treatment, nuclear PKD signal was reduced below basal levels (Fig. 3b) . The relative amount of S916-phosphorylated PKD, on the other hand, showed no change over the course of the examined interval (Fig. 3f) .
Inhibition of PKD activity enhances neurotoxicity evoked by H 2 O 2 treatment in cortical neurons To clarify how endogenous PKD activity modulates H 2 O 2 -induced cell decay, we treated cultures with increasing concentrations of a PKD-specific inhibitor, kbNB 142-70, in the presence of H 2 O 2 , and performed MTT cell viability assays. In the applied concentrations, kbNB 142-70 inhibits all three PKD isoforms (Lavalle et al. 2010) .
Twenty-four-hour-long treatment with kbNB 142-70 induced cell death from concentrations above 2 lM (Fig. 4a) . Importantly, the neurotoxic effect evoked by 50 lM H 2 O 2 was exacerbated in a dose-dependent manner by the presence of the inhibitor (Fig. 4a) . This effect was even more apparent when the toxicity induced by the combined treatment of H 2 O 2 and kbNB 142-70 was compared to the toxicity induced by H 2 O 2 alone (indicated as relative increase in H 2 O 2 -evoked toxicity on Fig. 4b) .
Based on these results, PKD activity seems to play a protective role in response to oxidative stress.
H 2 O 2 treatment induces the phosphorylation of canonical NFjB pathway members After establishing the protective role of PKD activity in neurons undergoing oxidative stress, we aimed to identify the underlying mechanism. The NFjB pathway emerged as the most likely candidate as it was shown to be activated upon oxidative stress in non-neuronal cells and to exert a protective role in a PKD1-dependent manner (Storz and Toker 2003) .
Quantitative real-time RT-PCR experiments revealed that typical members of the non-canonical NFjB pathway, such as the central signaling component, NFjB-inducing kinase (NIK) and the effectors RelB and p100/p52 (Sun 2011) , are expressed at very low levels in cortical neurons (Supplementary Figure S1a , c, e, g, and i), in line with previously reported data (Listwak et al. 2013) . Expression of the canonical pathway members, like IKKa, IjBa, NFjB p65 (also known as RelA), and NFjB p105/p50, on the other hand, was evident (Supplementary Figure S1a, b, d , f, and h). Therefore, we investigated only canonical NFjB pathway members during further experiments.
Changes in the level of phosphorylated and total IKKa, IjBa, RelA, and NFjB p105/p50 protein in response to oxidative stress were analyzed in cytoplasmic lysates of pure neuronal cultures (Fig. 5) . Relative levels of phosphorylated IKKa were slightly, but not significantly elevated by the second hour of H 2 O 2 treatment, while the signal dropped to the basal level by 6 h of oxidative stress. Meanwhile, the level of total IKKa showed a statistically significant decrease at 4 and 6 h of treatment. The proportion of both phosphorylated IjBa and RelA levels showed a considerable and transient increase. Importantly, we did not observe the degradation of IjBa, known to occur in case of the activation of the canonical NFjB signaling cascade. Additionally, we noted a slight, but statistically significant increase in the total level of RelA after 4 h of oxidative stress. The levels of both NFjB p105 and p50 showed a steady decrease after 2 h of H 2 O 2 treatment, however, the conversion rate of p105 to p50 appeared to be unchanged throughout the course of the experiments. Phosphorylated p105 could not be detected even after 60 min of exposure (Fig. 5a) .
To determine whether the changes in the phosphorylation levels of the examined canonical NFjB pathway members are dependent on PKD activity, cultures were treated with 3 lM of kbNB 142-70 in addition to H 2 O 2 . PKD-specific inhibitor mediated effects on the phosphorylation level were calculated by normalizing inhibitor-treated relative intensity values to the corresponding values obtained from samples with no kbNB 142-70 treatment at the given time points (see relative change in Fig. 5b) .
The relative phosphorylation of IKKa/b was attenuated by the inhibitor in control samples as well as 30 min and 1 h after the addition of H 2 O 2 . However, p-IKKa/b level at 2-h of H 2 O 2 treatment appeared unaffected by the PKD inhibitor, while relative phosphorylation of IKKa/b was increased in the presence of kbNB 142-70 after 4 h of H 2 O 2 treatment. Interestingly, relative phosphorylation levels of IjBa as well as of RelA were elevated upon treatment with kbNB 142-70 (Fig. 5b) . Our results indicate a PKD-dependent regulation of these members of the NFjB pathway upon oxidative stress induction.
Oxidative stress does not induce the nuclear translocation and activation of RelA To clarify whether the PKD-regulated phosphorylation of canonical NFjB pathway members results in the translocation of RelA to the nucleus in response to oxidative stress in neurons, immunocytochemistry analyses were performed by comparing the anti-RelA staining intensity within the nuclear and cytoplasmic compartments between control and 50 lM H 2 O 2 -treated neurons ( Fig. 6a and b) . Surprisingly, we found no change in RelA localization in response to oxidative stress compared to untreated cells.
As an alternative approach to examine potential nuclear translocation of RelA, nuclear fractions of H 2 O 2 -treated lysates were also investigated ( Fig. 6c-e) . We observed that the total amount of RelA within the nucleus remained constant during the initial hour of oxidative stress but decreased significantly from the second hour of H 2 O 2 treatment ( Fig. 6c and d) . Consequently, as cytoplasmic RelA levels increased slightly upon oxidative stress (see Fig. 5a ), nuclear to cytoplasmic relative intensity values of the RelA signal decreased during the course of oxidative stress (Fig. 6e) . Despite all the efforts, phosphorylated RelA was undetectable in the nuclear protein fractions (Fig. 6c) . Changes in the nuclear presence of NFjB p50 were also probed using western blotting. We found that p50 levels remained unchanged throughout the course of H 2 O 2 treatment ( Fig. 6f and g ). While NFjB p105 was undetectable in the neuronal nuclear fraction, phospho-specific and total protein signals were readily detected in TNFa-treated cytoplasmic HeLa samples (Fig. 6f) .
We also utilized an NFjB reporter assay, wherein ratios of Firefly/Renilla luminescence were calculated to reveal relative induction of the NFjB signaling pathway. Treatment with 100 lM H 2 O 2 did not result in a change in relative luciferase activity compared to control, while treatment with 20 ng/mL TNFa induced a slight increase, as expected (Fig. 6h) . These results provide further evidence for the lack of increased NFjB activity in response to oxidative stress.
Ultrastructural localization of kdPKD1-EGFP and activity of endogenous PKD is detected along mitochondria As the NFjB pathway did not appear to be the conveyor of the neuroprotective effects of PKD in response to H 2 O 2 treatment, we looked to a possible alternative. In non- neuronal cells, PKD1 translocates to and is activated at mitochondrial membranes, leading to protection from oxidative stress-induced cell death Zhang et al. 2015) .
In lack of a suitable antibody to specifically detect endogenous PKD isoforms in neurons, the use of tagged PKD constructs provides the possibility to localize ectopically expressed PKD using pre-embedding immunodetection of GST Bossard et al. 2007) or EGFP (Bencsik et al. 2015) tags. Therefore, we used CaMKIIa rtTA2 x kdPKD1-EGFP double transgenic mice capable of expressing a kinase-dead form of PKD1 (kdPKD1) in an inducible and neuron-specific manner (Cz€ ond€ or et al. 2009 ). According to previous observations (Cz€ ond€ or et al. 2009; Bencsik et al. 2015) , 4-6 weeks of doxycycline treatment led to a mosaic kdPKD1-EGFP expression in the pyramidal cells of the hippocampus (Fig. 7a and b) . As EGFP negative and positive neurons are localized side-by-side, the ultrastructure of kdPKD1-EGFP-expressing cells can be compared within nearby cell bodies and proximal dendrites of the stratum pyramidale.
According to previous studies in cultured cell lines, kdPKD1 is enriched at endomembranes (Liljedahl et al. 2001; Maeda et al. 2001; Hausser et al. 2002) . In line with this, pre-embedding anti-GFP immunohistochemistry (Fig. 7c-f) revealed Ni-DAB precipitates in kdPKD1-EGFP-expressing CA1 neurons in the close vicinity of the ER (Fig. 7c) , the Golgi complex (Fig. 7d) and, notably, the outer membrane of mitochondria ( Fig. 7e and f) .
By themselves, these observations suggest that mutant PKD1 and presumably endogenous PKD isoforms can localize to mitochondrial membranes. To assess whether endogenous PKD activity can also be detected in the vicinity of mitochondria, we combined the detection of PKD activity reporter phosphorylation ( Fig. 7g ; see also Fig. 2c-e) with the mitochondria-specific dye, Mitotracker Orange. Although conventional confocal microscopy cannot provide sufficient resolution to definitively prove PKD activity along mitochondrial membranes, mitochondria-specific and phosphorylated PKD reporter-specific signals appear to be closely localized (Fig. 7g , see the enlarged region).
Discussion
In this study, we aimed to discern the role of protein kinase D in the neuronal response to oxidative stress. According to our results in primary neuronal cultures, H 2 O 2 treatment induced the transient activation and nuclear translocation of endogenous PKD. The pharmacological inhibition of endogenous PKD activity led to decreased cell survival upon oxidative stress. Based on previously published data, the NFjB pathway was investigated as a feasible downstream mediator of the neuroprotective effect exerted by PKD activation. According to our results, canonical NFjB pathway members IKKa, IjBa, and RelA were phosphorylated upon H 2 O 2 treatment in a transient manner, but neither the degradation of IjBa nor the nuclear translocation of RelA or NFjB p50 was observed. Thus, our results do not support the notion that PKD-mediated neuroprotection is executed via NFjB signaling. Among alternative possibilities, mitochondrialdependent PKD functions are suggested to be involved in oxidative stress responses. PKD1 activation has already been shown upon oxidative stress in cell lines (Storz and Toker 2003; Song et al. 2009; Eisenberg-Lerner and Kimchi 2012; Zhang et al. 2015) , as well as during oxidative stress in neurons (Asaithambi et al. 2011 (Asaithambi et al. , 2014 . Although the level of phosphorylated S916 has been debated as a reliable indicator of PKD activation (reviewed in Steinberg 2012), the detection of PKD-mediated substrate phosphorylation using reporter constructs in our case provided clear evidence that endogenous PKD is activated in response to H 2 O 2 treatment in cortical neurons. We also provide evidence that PKD exerts a neuroprotective role during oxidative stress, which is in accordance with a previously reported protective role of PKD1 in primary neurons (Stetler et al. 2012) .
We examined the activation of the NFjB signaling pathway in cultured primary neurons upon oxidative stress in order to elucidate the mechanism by which PKD is able to exert neuroprotective effects. In non-neural cells, the NFjB pathway has been well-described to convey PKD-mediated protective functions via the phosphorylation of the IKK complex, leading to the degradation of the inhibitory protein IjBa and the induction of NFjB-mediated transcription of enzymes protecting against the effects of oxidative stress (Storz and Toker 2003; Storz et al. 2004 Storz et al. , 2005 . In line with previous reports , PKD inhibition reduced the phosphorylation of IKKa. On the other hand, relative phosphorylation levels of IjBa as well as of RelA were elevated upon treatment with kbNB 142-70, indicating PKDdependent regulation of these pathway elements. Overall, these results do not support the notion that PKD exerts its neuroprotective role via the classical NFjB pathway in neuronal cells.
In addition, a lack of IjBa degradation and the absence of nuclear translocation and activation of RelA were observed upon H 2 O 2 treatment in neurons, compared to that reported in non-neuronal cells (Ding et al. 1998; Lu and Wahl 2005; Kefaloyianni et al. 2006) . Notably, there is an increasing debate whether protective actions during oxidative stress are conveyed via the nuclear translocation of NFjB in neurons. Originally, basal activity of the NFjB pathway was reported to be relatively high in neurons indicating important housekeeping roles (Kaltschmidt et al. 1994; Bhakar et al. 2002) , which is enhanced upon neuropathological conditions (Mattson and Meffert 2006; Mincheva-Tasheva and Soler 2013) . However, recent evidence points to low basal activity in neurons compared to other tissues and a lack of NFjB pathway activation in response to oxidative stress (Listwak et al. 2013) . Additionally, it is important to note that several previous studies were based on mixed cultures or homogenates (Clemens et al. 1997; Mattson et al. 1997; Shou et al. 2002) and NFjB was shown to be strongly activated in glial cells (Kaltschmidt and Kaltschmidt 2009 ). Moreover, the specificity of many anti-NFjB antibodies has been questioned (Herkenham et al. 2011 ). These observations support our results indicating the lack of nuclear translocation of NFjB protein and NFjB activation detected by an NFjB reporter assay.
PKD is known to shuttle between the cytosolic and nuclear compartments, depending on upstream regulations (Wang 2006) . Similarly to previously published data (Asaithambi et al. 2011 (Asaithambi et al. , 2014 , we also detected transiently elevated nuclear PKD levels in response to oxidative stress in neurons. As the relative amount of S916-phosphorylated PKD in the nucleus did not change during oxidative stress, it is likely that PKD molecules entering the nucleus in response to oxidative stress are in a phosphorylated, and presumably, active state. PKD was reported to directly regulate the localization, and thus, the activity of nuclear class II histone deacetylases (HDACs), influencing gene transcription (Vega et al. 2004; Jensen et al. 2009 ). As HDAC inhibitors convey a neuroprotective role in oxidative stress (Ryu et al. 2003; Morrison et al. 2007) , PKD may mediate neuroprotection via the regulation of certain HDACs.
There are potential pathways activated by PKD in the cytoplasm, as well, which might also convey neuroprotective effects. In cortical neurons, HSP27 has been shown to be phosphorylated by PKD, which was necessary for the neuroprotective effects through the inhibition of apoptosis signal-regulating kinase 1 (ASK1) signaling in an in vitro ischemia model (Stetler et al. 2012 ).
PKD1 has been widely reported to require association with the plasma and intracellular membranes to get fully activated (reviewed in Rozengurt et al. 2005; Wang 2006 ). Though it is catalytically inactive, kdPKD1 can accumulate on membrane surfaces where PKD1 is normally recruited upon stimulation Hausser et al. 2002) , thus the localization of ectopically expressed kdPKD1 construct can highlight regions where PKD isoforms are activated. To the best of our knowledge, we are the first to show the association of kdPKD1-EGFP to the mitochondrial outer membrane in the hippocampus in vivo. These observations are in line with previous results demonstrating the presence of PKD1 in the mitochondrial fractions in non-neuronal cells Zhang et al. 2015) . We also show that active endogenous PKD is localized in the close vicinity of mitochondria in vitro. Preliminary observations using tetramethylrhodamine methyl ester, a mitochondrial membrane potential-dependent dye in combination with overexpressing the dominant negative kdPKD1-EGFP indicate that a functional knock-out of PKD activity leads to a more pronounced decrease in mitochondrial membrane potential during oxidative stress (data not shown). Although these results do not provide definitive proof for PKD activity along the mitochondrial membrane and require further investigation, it is an interesting possibility that PKD carries out its neuroprotective effect through regulating mitochondrial functions. This assumption is supported by the fact that PKD has been previously shown to influence mitochondrial membrane depolarization (Zhang et al. 2015) . Further investigations are needed to elucidate how PKD controls mitochondrial function during oxidative stress.
